Four non-cross-hybridizing, highly repetitive DNA components of the Weddell seal were cloned and used for Southern blot hybridizations in order to clarify pinniped phylogeny. Each of the components was present and possessed the identical fragment length in all pinnipeds, representing true seals, walrus, and sea lions. Three of the four components also hybridized to fragments of the same length in all mustelids except skunk. Limited hybridization also occurred to raccoon DNA. Hybridization to DNA of other terrestrial carnivores (polar bear, dog, cat) was barely recognizable. The fourth component was pinniped specific. The results are compatible with the mustelids and pinnipeds being sister groups. The findings also suggest that the pinnipeds are monophyletic, having separated from mustelid ancestors as one lineage that later differentiated into otariids, odobenids, and phocids. The hybridizations indicated clear differences between the skunk and other mustelids.
Introduction
The application of molecular biological approaches to questions in molecular biology and phylogeny is becoming more widespread. The increasing interest stems from the fact that convergence in the evolution of DNA sequences is unlikely to occur. In population biology, analyses of mitochondrial DNA (mtDNA) are rapidly replacing the use of protein polymorphisms, and mtDNA has been shown to be also suitable for obtaining information on species relationships within a particular genus (Brown 1983; Ferris et al. 1983 ). Molecular hybridizations based on single-copy DNA have provided valuable information on phyletic relationships at various levels (e.g., O'Brien et al. 1985) . A particular advantage of this approach is that long-range relationships can be elucidated. However, as demonstrated by Templeton ( 1985) , who scrutinized hominoid data, considerable care is needed when assessing phyletic affinities in which successive divergence times are small compared to the total elapsed time.
Cladistic characters based on molecular hybridizations that were easily recognized over the range from genus to order would be valuable for studies of evolutionary biology and phylogeny. At least in some instances, highly repetitive DNA appears to fulfill those requirements. So far, however, the use of it has been rather limited, probably because earlier reports proclaimed its species specificity, rather than its usefulness in study of common components in more distantly related taxa.
Studies of DNA in cetaceans have shown that some highly repetitive components can maintain their characteristics through long periods of evolution, yielding unequivocal evidence of phyletic relationships, even at the subordinal level (Arnason 1982b; Amason et al. 1984; Widegren et al. 1985) .
In the present study we turned our attention to the other large group of marine mammals, namely the pinnipeds, with the following particular aims: (1) to investigate to what extent highly repetitive DNA can be used to elucidate phyletic relationships that have not been conclusively settled by other methods, (2) to answer the question whether the pinnipeds are mono-or diphyletic, and (3) to identify the closest relatives of pinnipeds among terrestrial carnivores. Elucidation of these issues is of particular interest because results based on immunological comparisons suggesting that the pinnipeds are monophyletic (&rich 1969, 1975) are at variance with most paleontological, anatomical, and zoogeographical studies (McLaren 1960; Mitchell and Tedford 1973; Ray 1976; Tedford 1976; Repenning and Tedford 1977; Janvier 1984) . Karyological analyses on pinnipeds have emphasized the prominent karyological uniformity among the pinnipeds (Fay et al. 1967; Amason 1974b Amason , 1977 Amason , 1982a Anbinder 1980) but have not answered conclusively the question of their ancestry.
Material and Methods
The pinniped DNAs used in the present study included those of Preparation and purification of DNA were basically according to the method developed by Marmur ( 196 1) . The DNA of the California sea lion was prepared from placenta. This DNA had rather low molecular weight since the placenta was not as fresh as the other tissues used.
Four highly repetitive DNA components were identified in the genome of the Weddell seal after electrophoretic separation of DNA restricted with EcoRI. The lengths of the components were -2.1 (A), -1.7 (B), -0.95 (C), and -0.7 (D) kbp.
For cloning procedures, DNA was cleaved with EcoRI and separated on 1% preparative agarose gel. After being stained with ethidium bromide, the components were dissected from the gel, electroeluted, ligated into the EcoRI site of the plasmid vector pUC8 (Vieira and Messing 1982) , and cloned in E. coli K12-JM83. Positive clones were identified by colony hybridization (Grunstein and Wallis 1979) .
DNA from the different species included in the comparison was restricted with EcoRI or HaeIII. The digested DNA (l-2 pg) was loaded on 1% agarose gels and separated overnight at low voltage (15-30 V). The gels were stained with ethidium bromide and photographed on a UV transilluminator. The DNA size marker used was pBR322 cleaved with RsaI.
Each of the four cloned highly repetitive components of the Weddell seal DNA was labeled with 32P according to the method developed by Rigby et al. (1977) and used for Southern blot hybridizations. The four components used did not cross-hybridize among themselves.
Highly Repetitive DNA and Pinniped Phylogeny 36 1 characteristic of other Antarctic phocids (leopard seal, crabeater seal) studied. The fragment did not occur in Northern Hemisphere phocids.
Component C hybridized with pinniped DNA but not with DNA of terrestrial carnivores ( fig. 3 ). This component is thus a specific pinniped characteristic. Hybridization was primarily registered in an =0.95-kbp fragment, but substantial hybridization was also recorded in longer fragments common to all pinnipeds. The lengths of these fragments were 2.2 and 3.9 kbp, respectively. To judge from the degree of hybridization, component C is less frequent in the pinniped genomes than the other components studied.
The results of a hybridization using component D as a labeled probe are shown in figure 4. Hybridization occurred both to the 0.7-kbp fragment and to fragments of much larger size. The component was abundant in all pinnipeds. Outside the pinnipeds it was well represented in the mustelids (except skunk). EcoRI fragment lengths in pinnipeds and mustelids were identical.
The organization of the four components was not studied in any detail beyond the results of the hybridizations shown. It is, however, worth noting that polymeric structures of the components were not observed. Thus the components presumably do not represent the total lengths of interspersed or tandemly organized repeats.
Discussion
As mentioned in the Introduction, analyses of mtDNA and molecular hybridizations based on single-copy DNA have great applicability, although at different levels, for answering phyletic questions. In situations in which the resolution of mtDNA and single-copy DNA analysis is not optimal, highly repetitive DNA can be considered to be a very valuable tool for phyletic comparisons.
The possible functions of highly repetitive DNA are still obscure, but the fact that a particular species may harbor several unrelated highly repetitive components is an important feature that increases the power of resolution in phyletic studies, since some components may be common to the taxa compared whereas others may be unique to a given lineage.
The abundance of highly repetitive DNA makes it relatively easy, using restriction endonucleases, to isolate it from other parts of the genome. This is of particular advantage when the highly repetitive components can be used directly as labeled probes without first cloning them. In hybridizations used for phyletic studies, no significant differences would be expected between cloned and noncloned probes, provided the isolated bands are composed of a single repetitive component. In Southern blot hybridizations, the appearance of discrete autoradiographic bands might facilitate the appreciation by scientists not working in this field of results of molecular hybridizations. Any quantitative interpretation of results from hybridizations using highly repetitive DNA must be made with care, however, since the degree of hybridization will depend not only on the evolutionary distance but also on the copy number of the repeat. In the present study we therefore primarily considered the presence or absence of fragments with specific lengths.
Our results appear to have provided conclusive answers to two questions in pinniped phylogeny: (1) Which are the closest relatives of pinnipeds among terrestrial carnivores? and (2) Have the pinnipeds evolved from their terrestrial ancestors via one or two lineages? These questions have been controversial, for different approaches have given different answers. It was mentioned in the Introduction that most paleontological, anatomical, and zoogeographical information has been interpreted in favor 362 hnason and Widegren of a diphyletic origin of pinnipeds. According to that view, phocids share common ancestry with mustelids whereas odobenids and otariids have evolved from ursid ancestors. Immunological studies of albumins and transferrins (Sarich 1969 (Sarich , 1975 have shown a much closer relationship between phocids, odobenids, and otariids than is generally recognized by the advocates of a diphyletic pinniped origin. However, those results have made a limited impression on authors favoring a diphyletic pinniped evolution (e.g., Janvier 1984), probably because the most likely ancestral group among arctoid terrestrial carnivores could not be conclusively identified.
The earliest karyological comparisons of pinnipeds (Fay et al. 1967) could not delineate the terrestrial ancestry of pinnipeds; nor could later studies, based on banded karyotypes, provide a definite answer, although great similarities were found between procyonid and otariid karyotypes (Amason 1974b (Amason , 1977 Wurster-Hill and Gray 1975) . The karyological studies clarified the relationships between the 2n = 34-and 2n = 32-chromosome phocid karyotypes, however, as well as the relationship between the 2n = 36-otariid and 2n = 32-chromosome odobenid karyotypes. Surveying the karyological studies of otariids and phocids, Anbinder (1980) advocated a monophyletic origin of pinnipeds, but he did not link their evolutionary ancestry with that of the mustelids.
In the work reported here, the four unrelated highly repetitive DNA components studied were found in substantial amounts in the phocid, otariid, and odobenid lineages, and their fragment lengths were strikingly well preserved. Two of the components, A and D, were well represented in the mustelid (except skunk) genomes, digestion with EcoRI yielding identical basic fragment lengths in both groups. Component B did not cleave out as a discrete EcuRI fragment in mustelid genomes, but HaeIII gave identical fragment lengths in both pinnipeds and mustelids, although hybridization under the conditions adopted was considerably less in mustelids. Hybridization outside the mustelids was very limited, but the three components occurred with the same fragment length in the raccoon genome. Hybridization to skunk DNA was less than that to raccoon DNA, and hybridization to the other species was still more limited.
Component C had identical fragment length in all pinnipeds. This component was not observed outside the pinnipeds. The specificity of component C may have been acquired in two ways-either by origination of the component in the pinniped lineage or by elimination of the component from the mustelid and other carnivore genomes. In our opinion the first explanation is the more plausible.
Our results indicate that all of the pinnipeds share a common and closer evolutionary ancestry with the mustelids than with any other group included in the comparison. An evolution of phocids from mustelid (lutrine) ancestry has been widely proposed. Evolution of otariids and odobenids from a mustelid rather than ursidprocyonid ancestry also is indicated by the present findings. The Enaliarctinae (Mitchell and Tedford 1973) have been regarded as the link between otarioids and an ursid ancestry. If the Enaliarctinae are the link between otarioids and their terrestrial arctoid ancestors, they must be a link between mustelids and pinnipeds rather than between ursids and pinnipeds. In our opinion the presence of a pinniped-specific highly repetitive DNA component suggests that the pinniped ancestors separated from the mustelids as a common lineage and that the highly repetitive component C proliferated in this lineage prior to the separation of the phocoid and otarioid lineages.
As accounted for by Ray ( 1976) , the evolution of otariids and phocids is separated with respect to both age and localization of early fossils. It is well substantiated that early otariid evolution took place in areas surrounding the North Pacific Ocean, whereas Highly Repetitive DNA and Pinniped Phylogeny 363 phocids evolved in the North Atlantic-Paratethyan region. Our results, which are compatible with a monophyletic origin of pinnipeds, do not necessarily contradict geographically separate origins of otariids and phocids-provided that they arose from a common lineage evolving from the mustelids and that this lineage was represented on both the Pacific and Atlantic sides of present Eurasia (or, alternatively, on both sides of present North America).
It is likely that the evolution of both otariids and phocids was fast in the early stages of marine adaptation; hence evolutionary linkages with mustelids may be difficult to establish by means of paleontological findings. The situation may be similar to that in Cetacea, in which the divergence into odontocetes and mysticetes has been difficult to substantiate with paleontological findings. Monophyletic origin was not established until chromosomal data became available (Arnason 1969 . Results from later studies on cetacean highly repetitive DNA confirmed the karyological findings (Arnason et al. 1984) .
The prominent karyotypic uniformity that characterizes both' pinnipeds and cetaceans has been related to limited inbreeding among these mammals in comparison with that in terrestrial mammals (Arnason 1972 (Arnason , 1974a (Arnason , 1974b (Arnason , 1982a . The reproductive biology of these animals and their high mobility in an environment without distinct physical barriers are primary factors counteracting the establishment of reproductive isolates in which origination of new karyotypes would be promoted. Wilson et al. (1975) related slow karyotypic evolution to large body size, but this is not a particularly suitable explanation for marine mammals, since cetaceans may differ in size by a factor of > 1,000 without exhibiting any differences in rates of karyotypic evolution.
Our results show that conservation of the four highly repetitive DNA components in pinnipeds coincides with slow karyotype evolution. However, slow karyotypic evolution is not necessarily linked with slow evolution of highly repetitive DNA. In rorquaIs, genus Balaenoptera, both variable and highly conserved components are present, the variable one having originated the most recently (Arnason and Widegren 1984) . In those animals different constraints on the evolution of different highly repetitive components were found, composition and repeat lengths being stringently conserved in some species but not in others. When the phyletic age of the pinnipeds is taken into account, it becomes evident that the characteristics of the four components now studied have been well maintained.
Together with immunological findings (Sarich 1969 (Sarich , 1975 , our results indicate a single pinniped evolutionary lineage and that the Pinnipedia should be maintained as a taxonomic unit, rather than placing the Phocidae in the Musteloidea and the Odobenidae and Otariidae in the Otarioidea as proposed by Tedford (1976) and Repenning and Tedford (1977) .
It has been suggested (e.g., Ray 1976) that independent invasions from the north gave rise to the different Antarctic phocid species; however, the hybridization of component B to a 0.85-kbp HaeIII fragment specific for the different Antarctic phocids suggests that differentiation into species took place in the Antarctic, since different invading populations would be unlikely to carry the same DNA constitution. That argument is not conclusive, however, if the 0.85-kbp fragment is a characteristic of the more ancient Monachus as well.
With respect to the three objectives set forth in the Introduction, our results suggest the following conclusions: (1) The earlier findings, based on cetacean comparisons, that highly repetitive DNA can provide answers to phyletic questions, in some cases even at the subordinal level, are confirmed. (2) The pinniped-specific component suggests that the phocids, otariids, and odobenids evolved as one lineage. (3) Among the terrestrial carnivores the mustelids are the closest relatives to the pinnipeds.
Besides yielding information on the pinnipeds, the molecular hybridizations showed striking differences between the skunk, genus Mephitis, and the rest of the mustelid group, composed of the otter, ferret, mink, and European badger. The highly repetitive DNA components common to pinnipeds and the otter, ferret, mink, and European badger were barely recognizable in the skunk. Hybridization was actually greater to the racoon DNA that it was to the skunk DNA. The results could be interpreted as indicating that the skunk is more distant from the other mustelids, but the definite answer to this question must wait until reciprocal hybridizations, using mustelid probes, have been performed.
